Methyl methacrylate (MMA) is a monomer, commonly used in neurosurger y, orthopedic surgery, and in dental clinics. The adverse effects of this monomer are well described in the literature. This study was designed to evaluate the effects of MMA on nasal cavity, lung, and antioxidant status. For this purpose, two experimental groups of rats were exposed to MMA (at 1000 ppm, 6 h/day, 5 days/week for 4 weeks) by inhalation under poor (group A, n 12) and normal ventilation (group B, n 11) conditions. A control group (group C, n 10) received normal air. Degeneration of olfactory epithelium, bronchopneumonia , interstitial pneumonia , hemorrhage , atelectasis, edema, emphysema , and bronchial epithelial hyperplasia were observed in groups A and B. Emphysema was the most common lesion. Bronchopneumoni a with abscesses was only observed in group A. Glutathione levels were signi cantly decreased and malondialdehyd e levels were signi cantly increased in group A. No signi cant difference was observed in superoxide dismutase levels between the groups. The data presented indicate that before using MMA, adequat e protection systems should be in place to prevent occupationall y related MMA respiratory-tract injuries.
INTRODUCTION
Methylmethacrylate (MMA), the methyl ester of 2-methylpropenoic acid [CH 2 C(CH 3 )COOCH 3 ], is a colorless liquid and a widely used monomer in medicine and industry (2, 22, 25, 31) . MMA is used most frequently during dental, neurosurgical, and orthopedic surgical procedures as "bone cement" to ll spaces in bones and in the manufacture of dental prostheses (6, 22) .
Experimental and clinical studies have documented that monomers may cause a wide range of adverse health effects such as irritation to skin, eyes, and mucous membranes, allergic dermatitis, stomatitis, asthma, paresthesis in the ngers, neuropathy, disturbances of the central nervous system, liver toxicity, and changes in blood parameters (6, 11, 17, 22, 23, 25, 29, 30) .
The most important exposure route of MMA is by inhalation (22) . It has been shown that the lungs are the primary organs for the clearance of MMA-m. Prolonged exposure resulted in marked pathologic changes in the lungs, including edema, hemorrhage, and necrosis (4) .
Toxicology and carcinogenesis inhalation studies of MMA were conducted because of widespread human exposure (6) . The chronic toxicity of MMA has been examined by various routes of exposure in rodents; MMA was found not to be carcinogenic (22) .
Free radicals or reactive oxygen species (ROS) are produced in vivo from various biochemical reactions associated with cellular respiration and may leak from cells and cause damage (12) . These free radicals are the main causes of lipid peroxidation (14) .
Antioxidants are important in scavenging free radicals generated during normal metabolism of foreign chemicals, in ammation, xenobiotic toxicity, radiation, injury, and degenerative conditions (5, 16) . Antioxidants such as reduced glutathione (GSH) and superoxide dismutase (SOD) are postulated to be important components of the defense against oxidative injury (28) . Lipid peroxidation has been hypothesized to be a major mechanism resulting in free radical reactions. Free radicals and lipid peroxidation can cause alteration of uidity and membrane potential and can ultimately lead to membrane rupture and cell death. End products of lipid peroxidation as indicators of systemic oxidative stress can be measured with an assay of thiobarbituric acid-reactive substances (TBARS)/malondialdehyde (MDA) (15) .
There is a limited number of experimental studies of MMA inhalation, which include the histopathological changes in lung and effects on the antioxidant system (4, 8) . We designed this experimental study to evaluate the effects of MMA on nasal cavity and lung. We also investigated the antioxidant status under oxidative stress due to MMA.
MATERIALS AND METHODS
In this study, 33 female Wistar rats weighing between 250 and 300 g were obtained from the Medical Sciences Experimental Research Center, Cukurova University, Adana, Turkey. All rats were examined by a quali ed veterinary and were free of respiratory disease. The rats were randomly divided into three groups. Group A (n 11) was exposed to MMA where ventilation was poor. Group B (n 12) was exposed to MMA where ventilation was normal. Group C (n 10) consisted of control animals that received normal air.
The animals were examined for signs of any disease prior to exposure to MMA and were housed in stainless-steel wire cages. Temperature (22 C), humidity (50%), light (12 h), and air (20 changes/h) in the animal room were automatically controlled. In the experiment chamber containing 90 10 3 ml air, the required density (1000 ppm) was obtained by passing air that contains MMA (Merck, Schuchardt, 85662 Hohenbrunn, Germany) liquid, with purity of greater than 99% and containing hydroquinone (1%) as an inhibitor of polymerization, through an Erlenmeyer ask by a nebulizator (Medel Italiana, Torrile, Italy).
During inhalation, the animals of group A were housed in a completely closed glass exposure chamber without ventilation pores. The animals of group B were housed in a glass exposure chamber with ventilation pores. Both groups of rats were exposed to MMA at a concentration of 1000 ppm, 6 h/day, 5 days/week for 4 weeks. During the exposure period only drinking water was available.
At 30 days each animal was sacri ced by cervical dislocation and a necropsy was performed. The gross pathological ndings were recorded. Longitudinal samples were taken from the nasal cavity. Lung tissues were collected from both right and left lungs. The tissues from each rat were preserved in neutral buffered 10% formalin. Tissue samples were processed routinely, embedded in paraf n, sectioned at 4-5 l m, and stained with hematoxylin and eosin (H&E). Two microscopic slides were prepared from each block. Sections of all preserved tissues from the control and exposure group animals were examined with a light microscope (Olympus B 50). A single pathologist who was unaware of the treatment group examined the histologic sections.
Blood samples were collected from the left atrium of the hearts of the animals. We examined the activity of SOD enzyme and the levels of GSH and MDA in all subjects except when hemolysis occurred.
Assay Methods
Whole blood was centrifuged at 3000 rpm for 10 min at 4 C. After plasma was separated, erythrocytes were washed four times with saline. Antioxidant enzymes such as SOD enzyme and GSH in erythrocytes were assayed according to the methods of McCord et al. and Beutler, respectively (3, 24) .
The lipid peroxide level in blood was assayed in terms of TBARS/MDA (thiobarbituric acid reactive substance/ malondialdehyde) using 1,1,3,3-tetramethoxypropan e as a standard. The lipid peroxidation was expressed as nanomoles MDA formed per milliliter plasma (27) .
Statistical Analysis
Histopathologically, overall signi cance of differences between the groups was determined by z-test. Values of SOD enzyme activity, GSH and MDA levels were statistically evaluated by the Kruskal-Wallis test. In multiple comparisons as an overall signi cant level, the Bonferroni condence bound was used. To achieve overall signi cant level for each comparison, a .05/ 3 .0169 was used. RESULTS Macroscopic ndings including multifocal hemorrhages, emphysema, and patchy discolorations of the lung were more prominent and widespread in group A.
The major nasal cavity microscopic change was chronic active in ammation characterized by in ltration of varying numbers of neutrophils, lymphocytes, and macrophages into the mucosa of the turbinates, septum, and lateral walls. In the olfactory epithelium, degeneration of neuroepithelial cells, loss of sensory neuroepithelium (atrophy) with associated squamous metaplasia, basal (reserve) cells hyperplasia, submucosal edema, and in ammation were observed. The distribution of these histopathological ndings of nasal cavity and olfactory epithelium in the experimental groups is shown in Table 1 .
A signi cant difference was found in degeneration of olfactory epithelium (Figure 1 ) between group A (n 6/ 11) and group B (n 2/ 12) ( p .02). In basal-cell hyperplasia of olfactory epithelium the difference was found to be significant between group A (n 5/ 11) and group C (n 1/ 10) ( p .03). The differences were also signi cant in in ammation of olfactory epithelium between groups A (n 8/ 11) and C (n 1/ 10) ( p .01) and between groups A and B (n 4/ 12) ( p .02).
In lungs, the microscopic changes consisted of alveolar macrophages, follicular bronchiolitis, reactive changes in type II pneumocytes, bronchopneumonia, interstitial pneumonia, congestion, hemorrhage, emphysema, peribronchial/peribronchiolar lymphoid hyperplasia, atelectasis, edema, and bronchial epithelial hyperplasia. The distribution of pulmonary parenchymal changes in the experimental groups is shown in Table 2 .
The difference in the presence of alveolar macrophages was found to be signi cant between groups A (n 5/ 11) and C (n 1/ 10) ( p < .05). There was also a signi cant difference ( p .02) between groups A (n 8/ 11) and B (n 4/ 12) for hemorrhage.
For emphysema (Figure 2 ), the differences were found to be signi cant between the groups. Differences between groups A (n 10/ 11) and C (n 1/ 10), and between groups B (n 7/ 12) and C were highly signi cant TOXICOLOGIC PATHOLOGY ( p < .001). The difference between groups A and B was also signi cant ( p .03).
The difference in peribronchial/peribronchiolar lymphoid hyperplasia was signi cant only between groups A (n 6/ 11) and C (n 1/ 10) ( p .01) (Figure 3 ). Bronchopneumonia ( Figure 4 ) was observed in rats of groups A (n 3/ 11) and B (n 1/ 12). Bronchopneumonia complicated with multifocal abscesses and necrosis ( Figure 5 ) occured in two rats of group A.
The other histopathologica l ndings (follicular bronchiolitis, reactive changes in type II pneumocytes, interstitial pneumonia, congestion, atelectasis, edema, and bronchial epithelial hyperplasia) in lungs were not signi cantly different.
The GSH and MDA levels were signi cantly different ( p < .05) between groups A and C, but no signi cant difference was observed in values of SOD enzyme activity between the groups according to the Kruskal-Wallis test. The effects of MMA exposure on the antioxidant system in erythrocytes are presented in Table 3 .
DISCUSSION
Using the liquid monomer, MMA (plastic bone cement) can be prepared in the operating-room suite to correct numerous problems in orbital and cranial surgery and in dental clinics. The risk of toxic vapors to the operating room personnel has been discussed by Wesley and Brinsko (29) ; the liquid monomer used in the mixture can escape into the air, causing a sharply noxious odor.
In the present inhalation study, although the nasal cavity of the rats was in direct contact with MMA, chronic active inammation of the nasal cavity was not signi cant. In previous inhalation studies (6, 22) , nasal changes occurred primarily in olfactory epithelium. In our study, exposure to MMA also resulted in degeneration and in ammation of the olfactory epithelium of rats of group A and group B. The differences were signi cant ( p .02) for degeneration between group A (n 6/ 11) and group B (n 2/ 12). Also a signi cant difference was observed between group A (n 8/ 11) and group B (n 4/ 12) for in ammation of the olfactory epithelium. The increased degeneration and in ammation between group A and group B may be explained by the poor ventilation conditions and increased exposure to MMA. Basal-cell hyperplasia of olfactory epithelium was seen in all groups, but signi cant differences ( p .03) were found between group A (n 5/ 11) and group C (n 1/ 10). The nasal lesions tended to be bilateral in distribution. No preneoplastic or neoplastic changes, as previously reported by Lomax et al. (22) , were observed in the olfactory region. These results con rm that the olfactory epithelium of the nasal turbinates is one of the target regions of the toxicity of MMA in rats.
The presence of alveolar macrophages was signi cantly different ( p < .05) in lungs of rats in group A (n 5/ 11) compared to group C (n 1/ 10). Although bronchopneumonia was observed in both group A (n 3/ 11) and group B (n 1/ 12) without a signi cant difference, pneumonia complicated with multifocal abscesses and necrosis was observed in only group A (n 2/ 11). It is considered that poor ventila- tion may be an important risk factor in arising of the complications of pneumonia. Peribronchial/peribronchiolar lymphoid hyperplasia was seen in six animals in group A ( p .01), while only in one animal in the control group. This can be also explained by the effect of poor ventilation. There were signi cant differences between all groups for emphysema, but the differences were remarkably signi cant between group A (n 10/ 11) and C (n 1/ 10) ( p < .001). This shows that inhaled MMA is more effective in causing emphysema in a poorly ventilated environment. Various ndings such as bronchopneumonia, interstitial pneumonia, hemorrhage, atelectasis, edema, and bronchial epithelial hyperplasia were observed in MMA groups but not in controls, which suggests that these lesions in this study are also the result of MMA exposure.
Histopathological ndings present only in the poorly ventilated experimental group (group A) were bronchopneumoni a complicated with abscesses and bronchial epithelial hyperplasia. Pulmonary edema, emphysema, and atelectasis have been previously reported in a rhesus monkey that was exposed accidentally to MMA (21) .
The absence of signi cant differences between the groups for follicular bronchiolitis, reactive changes in pneumocytes type II, congestion, and atelectasis suggests that MMA exposure has no effect on the occurrence of these changes.
Since antioxidant enzymes can detoxify the deleterious reactive oxygen species, increased levels of these enzymes could be a defense mechanism against free radicals (9) . GSH is involved in maintaining the cellular oxidation-reduction balance, and has been shown to protect cells from a wide variety of endogenous and exogenous agents (28) . In our study the decrease in GSH was also statistically signi cant in group A but not in group B, when compared to controls. The signi cant decrease in GSH levels in group A, but not in group B, may be a consequence of enhanced utilization of this compound by the antioxidant enzymes glutathione peroxidase and glutathione S-transferase in poor ventilation conditions in group A (18, 19) . Increased levels of MDA in our study suggest that the MMA induces lipid peroxides in blood. We have noticed direct correlation between the increase in lipid peroxidation and the decrease in glutathione levels in our study. Similar observations have been made by various investigators under different stress conditions (7, 20) . Unexpectedly, we did not observe any signi cant difference in SOD levels between groups, which may be due to the wide variations in values for the procedure performed.
Neurosurgeons, orthopedic surgeons, and dental personnel are occupationally exposed to MMA almost daily where ventilation is poor. Accordingly, exposure of medical staff, such as orthopedic surgeons, to up to 100 ppm MMA during surgery has been reported (10). Routinely, most MMA is prepared using an open-bowl technique without respiratory protection or any system to remove vapors. Most surgeons, operating-room personnel, and dental personnel are not aware that the monomer is a toxic organic vapor. Face masks do not prevent inhalation of monomers.
Many of the operating rooms in Turkey do not include any kind of protective systems. Adequate and ef cient protection should be in place to prevent occupationally related respiratory-tract injuries (31). Wesley et al. strongly recommend that a ltering system should be used to lower the levels even further for both comfort and safety (29) . Surgeons and dental personnel who are frequently exposed to MMA should undertake the potential toxic hazards of the MMA into consideration.
The data presented in this article indicate that MMA exposure directly affects the nasal turbinates and the lungs. The olfactory epithelium of the nasal turbinates is a target region for MMA toxicity. MMA exposure can cause the formation of bronchopneumonia, interstitial pneumonia, hemorrhage, atelectasis, emphysema, and edema in lungs. There is also a direct correlation between increases in lipid peroxidation and decreases in glutathione levels.
